Objective: Several mechanisms are known to produce mechanical stress during and after cardiac surgery, e.g. aortic cross-clamping and pulmonary artery banding (PAB). However, little is known about the transcription of myocardial genes which are changed during mechanical overload. This study was performed to investigate growth factor mRNA expression after PAB in porcine hearts. Methods: The experiment was performed in 35 pigs (five groups). Each group consisted of three sham-pigs (S-pigs) and four banding-pigs (B-pigs). The mean transbanding gradient in B-pigs was 29 9 2.5 mm Hg. The hearts were excised after different time intervals. The probes were snap-frozen in liquid nitrogen and stored at − 80°C. Analysis was performed by Northern blot. Results: Right ventricular weight increased significantly after 7 and 24 days (P B 0.05). There was an upregulation of transcriptional and growth factors in B-pigs: c-jun mRNA: 4129 12.1% after 2 h (PB0.001); c-fos mRNA: 3039 18.5% after 2 h (PB0.001); vascular endothelial growth factor (VEGF) mRNA: 203 9 18.2% after 2 h (PB0.001); Flk-1 mRNA: 156 916% after 2 h (PB0.05), 2539 5% after 24 h (PB 0.01) and 184 9 12% after 3 days (P B 0.01); transforming growth factor-i1 (TGF-i1) mRNA: 255921.5% after 24 h (PB 0.002). Fibroblast growth factors 1 and 2 (FGF-1 and FGF-2) were constitutively expressed in B-and S-pigs and did not change their expression. Conclusions: Pulmonary artery banding results in significant right ventricular hypertrophy and upregulation of different growth factors. However, growth factors known to induce hypertrophy in vitro, like the FGFs, showed unchanged expression. We think that myocardial growth factors may have trophic functions in the heart which may be useful for cardiac surgery in future. © 1997 Elsevier Science B.V.
Introduction
Cardiac growth may be the result of a developmental process or a hemodynamic overload. However, cardiac myocytes are terminally differentiated and lose their ability to duplicate soon after birth. When hemodynamic overload occurs in adult life, cardiocytes respond with an increase in cell size (hypertrophy).
In recent years, many efforts have been made to explain myocardial alterations which occur after mechanical stress [21, 24] . In particular, there is an increasing interest in gene research in this context. A growing number of genes are known to be upregulated after hemodynamic overload. Among these, growth factors play an important role [4, 9, 13] . However, most published data originate from in vitro experiments and experiments in rodents, respectively.
Several mechanisms are known to produce mechanical stress during and after cardiac surgery. Pulmonary artery banding (PAB) is a typical example. In this particular situation, the right ventricle is stressed, but little is known of the myocardial genes which are triggered after this surgical procedure. To investigate growth factor expression in overloaded right ventricle, we performed pulmonary artery banding in young pigs.
Methods

Animal preparation
The experimental protocol described in this study was approved by the bioethics committee of the District of Darmstadt, Germany. All animals were handled in accordance with the American Physiological Society guidelines for animal welfare, and the investigation conformed with the Guide for Care and Use of Laboratory Animals published by the US National Institutes of Health.
Instrumentation
The experiments were performed in young German landrace pigs with a mean weight of 32 9 1.2 kg (aged 3-4 months). Surgical anesthesia was achieved with methomidatehydrochloride, 5 mg/kg i.v. (Hypnomidate, Janssen), and piritramid, 22 mg i.v. (Dipidolor, Janssen) After orotracheal intubation, lungs were ventilated with an air -oxygen mixture (Stephan Respirator ABV, Stephan, Germany). A left lateral fifth intercostal space thoracotomy was performed on the occasion of the first operation. Pulmonary artery (PA) was exposed and encircled with a polyesterband (Deknatel, MA, USA). In banding pigs (B-pigs) the band was constricted, but in sham animals (S-pigs) it was not. Pressure measurements were made by direct puncture of aorta and PA and recorded continuously (Graphtec Linearcoder Mark VII, Graphtec Corporation, Japan). The thoracotomy was closed and the animals were allowed to recover. The final experiment was performed after 2 h, 24 h, 3 days, 7 days and 24 days using median sternotomy. The animals were killed with an overdose of KCl and anesthetics. The hearts were excised, weighed and prepared for further investigation. Samples were snap-frozen in liquid nitrogen and stored at − 80°C.
Northern blot analysis
Total RNA from frozen heart tissue was isolated according to the method of Chomzynski and Sacchi [3] . Total RNA (15 mg) from control and experimental tissue of the same heart were size fractioned as pairs on a 1% agarose gel containing 0.66 M formaldehyde and vacuum transferred to Hybond-N nylon membrane (Amersham) using 10× SSC as transfer buffer. Fixation was carried out with an ultraviolet cross-linker (Stratagene). The integrity of the RNA was judged under ultraviolet light.
The blots were prehybridized for 4-6 h at 42°C in a buffer. Subsequent hybridization was carried out for about 16 h at 42°C in the same buffer containing 1× 10 6 cpm/ml of the labeled probe. After washing to a final stringency of 0.2× SSC/0.1% sodium dodecyl sulfate (SDS) at 60°C, filters were exposed for up to 3 days. For control purposes, filters were rehybridized with an 18 cDNA probe [14] .
Quantification
After hybridization, the signals were quantified with a PhosphorImager (Molecular Dynamics) using ImageQuant software. For normalization, the data of each hybridization signal were divided by the values for the matching 18S signal. The data obtained for the cardiac control tissue of the sham operated pigs were standardized at 100%.
Statistical analysis
All data are presented as mean9 standard error of the mean (mean9 S.E.M.). Comparison between the groups were carried out by the two-tailed t-test or Mann-Whitney test as appropriate. Values of P less than 0.05 were considered to be significant.
Results
Baseline data
Systolic aortic pressure was 829 4.2 mm Hg in Bpigs and 969 7.1 mm Hg in S-pigs (not significant (NS)). However, systolic pulmonary artery pressure was 529 2.9 mm Hg in B-pigs versus 299 3.4 mm Hg in S-pigs (P= 0.0002). Mean transbanding gradient in Bpigs was 2992.5 mm Hg. Hemodynamic and laboratory data prior to death are presented in Table 1 , which shows that baseline data were identical in B-pigs and S-pigs. Thus, PA banding did not influence hemodynamics and blood gas exchange at rest. ing values of VEGF mRNA were found (B-pigs versus S-pigs): 2039 18.2% versus 10092.6% after 2 h (PB 0.001); 1579 20.1% versus 10099.0% after 24 h (NS); 1119 8.5% versus 1009 4.9% after 3 days (NS); 95 9 8.3% versus 1009 7.5% after 7 days (NS); 1069 12.6% versus 1009 11.5% after 24 days (NS) (Fig. 2) .
Flk-1 is one of the VEGF receptors and is a key factor for neovascularization during embryogenesis. The following data for Flk-1 mRNA were found (Bpigs versus S-pigs): 156916% versus 1009 2% after 2 h (PB0.05); 25395% versus 1009 3% after 24 h (PB 0.01); 184912% versus 1009 2% after 3 days (PB 0.01); 104916% versus 1009 7% after 7 days (NS); 1189 18% versus 100 9 5% after 24 days (NS) (Fig. 3) .
Transforming growth factor-i1 (TGF-i1)
TGF-i1 is a peptide stimulating collagen synthesis in fibroblasts. Furthermore, it is a potent indirect angiogenic growth factor. The following data for TGF-i1 mRNA were found (B-pigs versus S-pigs): 114 9 11.4% versus 100912.3% after 2 h (NS); 2559 21.5% versus 10096.8% after 24 h (PB0.002); 1369 12.7% versus 1009 5.8% after 3 days (NS); 95 95.7% versus 1009 3.3% after 7 days (NS); 104 93.5% versus 100 96.5% after 24 days (NS) (Fig. 4). 
Right 6entricular weight
The ratio right ventricular weight (g) to body weight (kg) is an indicator of the increase in the size of the ventricle. The following ratios were measured (B-pigs versus S-pigs): 0.9 9 0.07 versus 0.89 90.01 after 2 h (NS); 1.29 0.04 versus 1.3 9 0.14 after 24 h (NS); 1.59 0.08 versus 1.1290.10 after 3 days (NS); 2.39 0.23 versus 1.12 90.04 after 7 days (P B 0.05); 2.29 0.15 versus 1.2790.03 after 24 days (P B0.05). In order to preclude myocardial edema, the tissue was completely dried and reweighed to calculate the water content. The water content of the right ventricle was as follows (B-pigs versus S-pigs): 78 90.7% versus 789 1.3% after 2 h (NS); 78 91.0% versus 81 9 1.3% after 24 h (NS); 779 1.0% versus 7890.3% after 3 days (NS); 7990.7% versus 79 90.4% after 7 days (NS); 789 0.4% versus 789 0.6% after 24 days (NS). These data suggest that edema was not a contributing factor to the increase of right ventricular weight.
Proto-oncogenes c-fos and c-jun
The proto-oncogenes are involved in transcriptional regulation. Induction of these genes after mechanical stress has mainly been analyzed in cell cultures and rodents so far. Quantification of Northern blot analysis of c-fos mRNA revealed an increase up to 412 9 12.2% in B-pigs compared with 100 938.1% in S-pigs (PB 0.001). The signal became undetectable after 24 h in both B-and S-pigs. A comparable hybridization value was found for c-jun mRNA. An increase of this gene up to 3039 18.5% in B-pigs was observed after 2 h, compared with 1009 38% in S-pigs (P B 0.001) (Fig. 1). 
Vascular endothelial growth factor (VEGF), VEGF receptor (Flk-1)
VEGF is a heparin-binding angiogenetic growth factor, which acts specifically on endothelial cells. It is identical with the 'vascular permeability factor'. Hypoxia is known to be a trigger for VEGF. The follow- capable of triggering proto-oncogenes. These genes transcribe several growth factors which produce myocardial hypertrophy. This hypothesis was supported by a study with proto-oncogene-producing transgenic mice. The hearts of these animals hypertrophied significantly [6] .
VEGF and VEGF receptor (Flk-1)
As stated earlier, VEGF is a direct angiogenic factor, which is produced physiologically in pig hearts [20] . Hypoxic conditions are known to increase VEGF mRNA expression [8, 12, 20] . However, it is still not obvious whether mechanical stress may produce VEGF mRNA. Carroll et al. described a significant increase of VEGF mRNA in pressure-overloaded porcine right ventricles after 3 and 7 h [2] . We found an increase of this growth factor after 2 h.
PAB produces pressure overload of the right ventricle. In theory, this may result in hypoperfusion of the endomural portion of the stressed ventricle, although myocardium is mainly perfused in diastole. Thus, we are still not sure whether pressure without hypoxia may trigger VEGF mRNA.
The significance of VEGF upregulation after PAB is not obvious, in that we could not find any hints of neoangiogenesis in the hypertrophied hearts. We think that VEGF has to be designated as a stress gene, at least in connection with development of hypertrophy. In contrast to our results, others found an increase of capillary density after long-term pressure overload [7, 15] .
Flk-1 is a major regulator of vasculogenesis in developing organs. The specific VEGF receptor Flk-1 mRNA is expressed the first 3 days after initiation of pressure overload, although VEGF mRNA is expressed merely within the first 2 h. But again, we cannot explain why this receptor is upregulated after PAB. Our result cannot be compared with other data in that this is the first report dealing with Flk-1 mRNA expression after pressure overload.
TGF-i1
TGF peptides regulate growth, differentiation and function of different cells, e.g. myocytes, endothelial cells and fibroblasts. An important function of TGF-i1 is its indirect angiogenetic action. Aortic constriction in rats upregulates TGF-i1 mRNA in left ventricles [22] . We found a significant increase of TGF-i1 in pressureoverloaded ventricles after 24 and 72 h. This is consistent with other reports [2] . The protein of TGF-i1 was found 8 days after initiation of pressure overload [23] . In vitro studies demonstrate that fibroblasts treated with TGF-i1 produce extracellular matrix genes, e.g collagen and fibronectin [5, 17] . Our study showed that
Fibroblast growth factors 1 and 2 (FGF-1, FGF-2)
FGF-1 and FGF-2 are direct angiogenic growth factors, which are mainly produced by myocytes. The following data for FGF-1 mRNA were found (B-pigs versus S-pigs): 99 9 8.5% versus 100 9 6.2% after 2 h (NS); 9999.9% versus 100 9 6.8% after 24 h; 1369 12.7% versus 100 9 5.8% after 3 days (NS); 95 9 5.7% versus 100 93.3% after 7 days (NS); 1049 3.5% versus 10096.5% after 24 days (NS). There was a similar blot for FGF-2.
Discussion
Right 6entricular weight
An increase of the ratio right ventricular weight:body weight of around 150% was observed 7 days after pulmonary artery banding. However, during the following 17 days the ratio remained constant. Others found an increase of this ratio of 117% in mini-pigs. Nevertheless, we suppose that the ratio would further increase after a much longer time.
Since wet weight of probes was not increased in B-pigs, myocardial edema was not a contributing factor of right ventricular weight increase.
Proto-oncogenes c-fos and c-jun
Following banding of the PA, there was a rapid increase of the c-fos mRNA and c-jun mRNA (Fig. 1) . In vitro studies have shown that these proto-oncogenes may react within minutes after mechanical stress [10] . Aortic constriction in rats results in c-fos mRNA expression after 30 min [11] . Carroll et al. describe c-fos and jun-b mRNA expression in porcine right ventricle after PAB within 3-7 h [2] . We found a significant upregulation of these proto-oncogenes after 2 h in B-pigs (Fig. 1) . However, there was a weak signal in S-pigs too and we suppose that operative stress is collagen mRNA and fibronectin mRNA are upregulated likewise in B-pigs (data not shown). However, we could not find an increase of fibrotic tissue in the hypertrophied hearts. Nevertheless, we assume that long-term pressure overload would accelerate myocardial fibrosis.
FGF-1 and FGF-2
FGF-1 and FGF-2 are direct angiogenic growth factors, which are mainly produced by myocytes even without hypoxic or mechanical stress [16, 19] . FGFs are known to be typical hypertrophic factors in vitro. We could demonstrate that these growth factors are produced both in S-pigs and B-pigs at each time interval, but they were not upregulated after PAB. In contrast, others could not demonstrate expression of FGF mRNA in pig hearts at all, even after PAB [2] .
Growth factors and cardiac surgery
Pressure overload occurs in different situations during cardiac surgery. For this reason, it is likely that our results may have some impact on cardiac surgery in future. Frequent procedures which induce pressure overload on either ventricle are aortic cross-clamping and pulmonary artery banding. The ventricle has to pump against the clamp or the banding-induced stenosis and the cardiac cells are exposed to mechanical stress. Although pressure overload is of short duration after clamping, the myocardial cells will immediately respond with a change of gene expression, in that they produce stress genes. We have shown that different genes are upregulated after induction of pressure overload within 2 h, e.g c-fos mRNA, c-jun mRNA and VEGF mRNA with its receptor Flk-1. Due to the anatomical similarity, we would expect comparable growth factor release in porcine and human ventricles after induction of pressure overload.
The question is whether upregulation of these genes has any physiological advantage for the myocardium. Although there was a significant increase of right ventricular weight after PAB, we do not have evidence of improved ventricular contractility. We have shown that the hemodynamics after PAB are unchanged at rest. However, we did not analyze the function of the hypertrophied ventricle during exercise. Furthermore, although all tested growth factors have angiogenic effects, we could not show neovascularization (data not shown). Nevertheless, in vivo experiments with small animals have demonstrated neoangiogenesis after TGFi1 and VEGF treatment [1, 18] .
